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Abstract: In this paper, novel Al2O3-based poly-hollow microsphere (PHM) ceramics were prepared 
using Si3N4 and Al2O3 PHMs as pore-forming agents. The effect of Si3N4 and Al2O3 PHMs with 
different percentages on properties of Al2O3-based PHM ceramics was investigated. Through 
adjusting percentage of Al2O3 PHMs, Al2O3-based PHM ceramics with enhanced properties are 
achieved. X-ray diffraction (XRD) results show that main phases of Al2O3-based PHM ceramics vary 
from β-SiAlON (z value increases from 2.9 to 4) to Al2O3 with the increase of percentage of Al2O3 
PHMs from 10% to 100%. The different phase compositions result in different properties of 
Al2O3-based PHM ceramics. With the increase of percentage of Al2O3 PHMs, porosity of Al2O3-based 
PHM ceramics gradually decreases, while their shrinkage, flexural strength, and fracture toughness 
firstly decrease and then increase. Using different kinds of ceramic PHMs as pore-forming agents, 
various novel and high-performance porous ceramics could be prepared via optimizing percentage of 
ceramic PHMs in the future. 




Recently, porous ceramics with high porosity, high 
specific surface area, low density, low thermal 
conductivity, and other unique properties have attracted 
much attention for their potential applications as 
catalyst supports, filters, thermal insulator, and bone 
substitutes, etc. [1–4]. At present, lots of processing 
routes have been used to prepare porous ceramics, such 
as direct foaming [5–8], freeze casting [9–12], 
replication of polymer sponge [13–15], and adding 
pore-forming agent [16–18], etc. Among all these 
methods, adding pore-forming agent has been 
extensively used to prepare porous ceramics due to its 
simple preparation process and low cost. However, 
irregular pores and non-uniform pore distribution could 
be observed in the prepared porous ceramics using 
common pore-forming agents (such as starch). 
Therefore, choosing proper pore-forming agent is 
considerably important. In recent years, ceramic 
poly-hollow microspheres (PHMs), a kind of special 
material with porous microstructures, have been 
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successfully produced via combination of particle-   
stabilized foams and centrifugal atomizing technology 
[19,20], which could be used as novel promising 
pore-forming agent to prepare porous ceramics. 
In 2014, Su et al. [19] prepared porous Al2O3 
ceramics by gelcasting using Al2O3 PHMs as 
pore-forming agent. In addition, Qi et al. [20] proposed 
a novel route to prepare porous ceramics using Al2O3 
PHMs. Via stacking Al2O3 PHMs in Al2O3 crucible 
with gentle tapping and knocking, the packed PHMs 
were directly sintered at 1400–1600 ℃ to prepare 
porous Al2O3 ceramics. Nevertheless, when lots of 
Al2O3 PHMs are used to prepare porous ceramics, they 
would contact with each other. Under this condition, it 
is found that the prepared porous Al2O3 ceramics 
usually fracture along Al2O3 PHMs and mechanical 
properties of the samples would be relatively low, 
which is attributed to low bonding strength among 
different Al2O3 PHMs. In order to improve the bonding 
strength among different Al2O3 PHMs, Yang et al. [21] 
coated Al2O3 PHMs with CaSiO3 sintering additive via 
co-precipitation method, and then porous Al2O3 
ceramics with good mechanical properties were 
successfully prepared by dry pressing using coated 
Al2O3 PHMs as pore-forming agent. Furthermore, 
porous Si3N4 ceramics were also successfully prepared 
using Si3N4 PHMs as pore-forming agent. Wu et al. [22] 
successfully prepared porous Si3N4 ceramics by 
gelcasting via adding 10–35 wt% Si3N4 PHMs (based 
on Si3N4 ceramic powders) as pore-forming agent. 
However, when large amount of Si3N4 PHMs (250 wt%, 
based on Si3N4 ceramic powders) are added into Si3N4 
slurry to prepare porous Si3N4 ceramics with high 
porosity, the prepared porous Si3N4 ceramics mainly 
fracture along Si3N4 PHMs and their mechanical 
properties are relatively low, which is attributed to low 
bonding strength among different Si3N4 PHMs and that 
between Si3N4 PHMs and matrix [23]. Accordingly, 
porous Si3N4 ceramics with good mechanical properties 
using Si3N4 PHMs as pore-forming agent are difficult to 
fabricate. 
Compared with Si3N4 PHMs, Al2O3 PHMs have 
completely different properties, such as different 
microstructure and lower sintering temperature, etc. In 
2015, Zhang et al. [24] reported that using small amount 
of Si3N4 or Al2O3 PHMs as pore-forming agent (45 wt%, 
based on Si3N4 ceramic powders), the prepared porous 
Si3N4-based ceramics could achieve different pore 
morphologies and mechanical properties. Enlightened 
by the mentioned research, in our recent research, using 
Si3N4 and Al2O3 PHMs as pore-forming agents, these 
ceramic PHMs were added into Si3N4 slurry and porous 
Si3N4-based ceramics were finally prepared. However, 
although mechanical properties of porous Si3N4-based 
ceramics have been improved in some extent, the 
prepared porous Si3N4-based ceramics still fractured 
along ceramic PHMs. Accordingly, their mechanical 
properties should be further improved. Based on all the 
previous research, in this paper, Si3N4 and Al2O3 PHMs 
with different percentages were both added into Al2O3 
slurry with low viscosity to prepare porous Al2O3-based 
ceramics. Here, this kind of novel porous Al2O3-based 
ceramics is defined as Al2O3-based PHM ceramics. The 
effects of Si3N4 and Al2O3 PHMs with different 
percentages on phase composition, microstructure, 
shrinkage, porosity, and mechanical properties of 
Al2O3-based PHM ceramics were investigated. 
2    Experimental procedure 
2. 1    Materials 
Commercial Al2O3 ceramic powders (average particle 
diameter: 0.33 μm, specific surface area: 8.08 m2/g, 
Almatis, Germany) were used to prepare low viscosity 
slurry in this study. Si3N4 and Al2O3 PHMs were 
commercially available materials (Hebei Yonglong 
Bangda New Materials Co., Ltd., China). According to 
our previous research, mechanical properties of the 
non-calcined ceramic PHMs (such as Si3N4 and Al2O3 
PHMs) are so low that they would disperse in solvent 
(such as deionized water) and be destroyed in mixing 
process, thus ceramic PHMs should be firstly calcined 
at certain temperature to acquire enough mechanical 
properties. Under nitrogen atmosphere (0.1 MPa), 
Si3N4 PHMs were calcined at 1600 ℃ for 0.5 h. 
Meanwhile, Al2O3 PHMs were calcined at 1200 ℃ for 
1 h in air. The average diameters of the calcined Si3N4 
and Al2O3 PHMs were 69.79 and 95.86 μm, 
respectively. Meanwhile, the packing densities of the 
calcined Si3N4 and Al2O3 PHMs were 0.96 and 
0.88 g/cm3, respectively. Figure 1 shows the scanning 
electron microscopy (SEM) micrographs of the calcined 
Si3N4 and Al2O3 PHMs. It is found that many 
micro-pores exist in Si3N4 and Al2O3 PHMs, which 
would form final pores in the prepared ceramics. 
In gelcasting process, deionized water was used     
as solvent. Acrylamide (AM, Sinopharm Chemical 
Reagent Co., Ltd., China), , -N N   
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methylenebisacrylamide (MBAM, Sinopharm Chemical 
Reagent Co., Ltd., China), and 30 wt% ammonium 
polyacrylate (PAA-NH4, Zibo Jinghe Chemical 
Dyestuff Co., Ltd., China) aqueous solution were used 
as monomer, cross-linker, and dispersant, respectively. 
Meanwhile, initiator was 3 wt% ammonium persulfate 
(APS, Sinopharm Chemical Reagent Co., Ltd., China) 
aqueous solution and catalyst was , , ,N N N   
-N  tetramethyl ethylenediamine (TEMED, Sinopharm 
Chemical Reagent Co., Ltd., China). 
2. 2    Sample preparation 
The flow chart of the preparation for Al2O3-based PHM 
ceramics by aqueous gelcasting using Si3N4 and Al2O3 
PHMs as pore-forming agents is the same as that shown 
in Ref. [22]. Concentration of the premix solution was 
13 wt%, and ratio of AM and MBAM was 20:1. Al2O3 
ceramic powders and dispersant (1 wt% PAA-NH4, 
based on Al2O3 ceramic powders) were added into 
premix solution to make slurry with solid loading of 
20 vol%. Strong aqua ammonia was used to adjust pH 
value of slurry at about 10. After ball milling for 12 h, 
the slurry was degassed for 10 min, and then the 
maximum calcined ceramic PHMs (158 wt%, based on 
Al2O3 ceramic powders) were added into slurry. In this 
process, the percentages of Si3N4 and Al2O3 PHMs were 
different. Table 1 shows the samples with different 
percentages of Si3N4 and Al2O3 PHMs. When adding 
ceramic PHMs into slurry, continual stirring is 
necessary, which could ensure Si3N4 and Al2O3 PHMs 
distributing uniformly in slurry. Meanwhile, during 
mixing process, slurry should be stirred slightly to avoid 
introducing many air bubbles. Afterwards, degassing 
process was performed again. Catalyst (TEMED, 
0.16 mL per 1 g AM) and initiator (APS, 0.16 mL per 
1 g AM) were added into slurry, then molds with slurry 
were heated at 70 ℃ for 5 min to accelerate gelation 
process. Binder was burned out from the dried green 
samples at 600 ℃ for 1 h in air. Under nitrogen 
atmosphere (0.1 MPa), all the samples were sintered at 
1750 ℃ for 1 h. 
2. 3    Characterization 
Phase analysis was conducted by X-ray diffraction 
(XRD) method using Cu Kα radiation (D8 ADVANCE, 
Bruker, Karlsruhe, Germany). Microstructures of the 
samples were observed by environment scanning 
electron microscope (ESEM, SSX-550, Shimadzu, 
Kyoto, Japan). Shrinkage of Al2O3-based PHM 





                  (1) 
where 0D  and D represent diameters of the green 
sample before drying and sintered ceramics, 
respectively. Porosity of Al2O3-based PHM ceramics 
was measured by Archimedes’ method. Flexural 
strength and fracture toughness of Al2O3-based PHM 
ceramics were measured using the mechanical testing 
machine (AG-2000A, Shimadzu, Kyoto, Japan). 
Flexural strength of the specimens with dimension of 
3 mm × 4 mm × 40 mm was measured via three-point 
bending test, and the loading rate was 0.5 mm/min. 
Fracture toughness of the specimens with dimension of 
2.5 mm × 5 mm × 30 mm and notch length of 2.5 mm 
was measured via single edge notched beam (SENB) 




Figure 2 shows the SEM micrographs of Al2O3-based 
Fig. 1  SEM micrographs of (a) calcined Si3N4 PHMs and 
(b) their inner structures, and (c) calcined Al2O3 PHMs and 
(d) their inner structures. 
Table 1  Samples with different percentages of Si3N4 
and Al2O3 PHM content 
Sample Percentage of Si3N4 PHM content (%) 
Percentage of Al2O3 
PHM content (%) 
A 90  10 
B 70  30 
C 50  50 
D 30  70 
E 10  90 
F  0 100 
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PHM green samples. Regarding all the prepared green 
samples, although percentage of Al2O3 PHMs is 
different, it is found that microstructures of Al2O3-based 
PHM green samples are similar. Meanwhile, ceramic 
PHMs are intact and distribute uniformly in the samples, 
and gaps among different ceramic PHMs are filled with 
Al2O3 matrix. 
Figure 3 shows the XRD patterns of Al2O3-based 
PHM ceramics. Main phases of the samples gradually 
vary from β-SiAlON (z value increases from 2.9 to 4) to 
Al2O3. When percentage of Al2O3 PHMs increases from 
10% to 30%, main phase of Al2O3-based PHM ceramics 
is β-SiAlON (see Figs. 3(a) and 3(b)). In addition, when 
percentage of Al2O3 PHMs is 50%, it is found that 
β-SiAlON and Al2O3 co-exist in Al2O3-based PHM 
ceramics (see Fig. 3(c)). When percentage of Al2O3 
PHMs is low, the extensively distributed Al2O3 matrix 
and the added Al2O3 PHMs could fully diffuse into 
Si3N4 to form Si3.1Al2.9O2.9N5.1 (β-SiAlON, z = 2.9). 
With the increase of percentage of Al2O3 PHMs, more 
Al2O3 diffuses into Si3N4, thus z value of the formed 
β-SiAlON gradually increases, and Si3Al3O3N5 
(β-SiAlON, z = 3) and Si2Al4O4N4 (β-SiAlON, z = 4) 
gradually appear in the samples. When percentage of 
Al2O3 PHMs increases from 70% to 100%, main phase 
of Al2O3-based PHM ceramics is Al2O3 (see Figs. 3(d), 
3(e), and 3(f)). Moreover, when percentage of Al2O3 
PHMs varies from 10% to 70%, small amount of 
Si6Al10O21N4 (X-SiAlON) exists in the samples. Table 
2 shows the lattice parameters of formed β-SiAlON (z = 
2.9, 3, 4). With the increase of z value, the lattice 
parameters of the formed β-SiAlON increase. The ion 
substitution of Si4+ and N3 by Al3+ and O2 would 
cause the increase of the lattice parameters. With the 
increase of percentage of Al2O3 PHMs, more ion 
substitutions occur in the samples. Therefore, the lattice 
parameters of β-SiAlON increase with the increase of 
percentage of Al2O3 PHMs. The different phase 
compositions of the samples would greatly affect their 
performance, which would be discussed in the 
following section. 
Figure 4 shows the SEM micrographs of Al2O3-based 
PHM ceramics. Regardless of percentage of Al2O3 
PHMs, microstructures of the prepared Al2O3-based 
PHM ceramics are similar. Meanwhile, lots of pores 
exist in the samples. Meanwhile, intact ceramic PHMs 
could not be observed and all the samples fracture 
across ceramic PHMs, which demonstrates bonding 
strength between ceramic PHMs and matrix is high 
enough. Because matrix in these samples is Al2O3 and 
Al2O3 PHMs are added into Al2O3 matrix, the sintering 
process would be greatly improved by Al2O3 sintering 
additive, and bonding strength between ceramic PHMs 
and matrix is so high that the samples fracture mainly 
Fig. 2  SEM micrographs of Al2O3-based PHM green 
samples: (a) sample A, (b) sample B, (c) sample C, (d) 
sample D, (e) sample E, (f) sample F. 
Table 2  Lattice parameters of formed β-SiAlON (z = 
2.9, 3, 4) 
Lattice parameter (nm) z value 
a c 
2.9 0.7664 0.2963 
3 0.7681 0.2975 
4 0.7692 0.2990 
 
   2θ (°) 
Fig. 3  XRD patterns of Al2O3-based PHM ceramics: (a) 
sample A, (b) sample B, (c) sample C, (d) sample D, (e) 
sample E, (f) sample F. 
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across ceramic PHMs. Furthermore, with the increase 
of percentage of Al2O3 PHMs, amount of rod-like 
β-SiAlON grains in the samples gradually decreases 
and large amount of equiaxed Al2O3 grains gradually 
appear in the samples. 
3. 2    Properties of the samples 
Figure 5 shows shrinkage of Al2O3-based PHM 
ceramics. With the increase of percentage of Al2O3 
PHMs, shrinkage of Al2O3-based PHM ceramics 
decreases firstly and then increases. When percentage 
of Al2O3 PHMs is 50%, shrinkage of the samples 
reaches the minimum value (27.00%). When percentage 
of Al2O3 PHMs increases to 100%, shrinkage of the 
samples increases rapidly up to 38.58%. According   
to the previous research [25], when more and more 
Al2O3 diffuses into Si3N4, lattice parameters of the 
formed β-SiAlON gradually increase, thus their 
microstructures become more and more incompact. 
According to Fig. 3, it is found that main phase of 
samples A and B is β-SiAlON, while that of samples D, 
E, and F is Al2O3. However, for sample C, there are two 
main phases, namely β-SiAlON and Al2O3. When the 
percentage of Al2O3 PHMs increases, the lattice 
parameters of β-SiAlON gradually increase, thus cell 
volume of β-SiAlON increases. When percentage of 
Al2O3 PHMs increases up to 50%, the increase of cell 
volume of β-SiAlON would compensate the sintering 
shrinkage of the sample to a great extent, thus the 
shrinkage of sample C is the lowest. Meanwhile, due to 
the existence of compensation effect between sintering 
shrinkage of sample and the increase of cell volume of 
β-SiAlON, the shrinkage of samples A, B, and C 
decreases slowly. Nevertheless, for samples D, E, and F, 
the main phase is Al2O3, which takes a main role in 
affecting the shrinkage of sample. In this case, with the 
increase of percentage of Al2O3 PHMs, the shrinkage of 
the samples increases rapidly. 
Figure 6 shows porosity of Al2O3-based PHM 
ceramics. With the increase of percentage of Al2O3 
PHMs, porosity of Al2O3-based PHM ceramics 
decreases gradually. The sintering temperature of Al2O3 
PHMs is relatively low, and they act as both 
pore-forming agent and sintering additive. With the 
increase of percentage of Al2O3 PHMs, less and less 
pores exist in the samples, thus porosity of the samples 
gradually decreases. 
 
Fig. 6  Porosity of Al2O3-based PHM ceramics. 
Fig. 4  SEM micrographs of Al2O3-based PHM ceramics: 
(a) sample A, (b) sample B, (c) sample C, (d) sample D, (e) 
sample E, (f) sample F. 
 
Fig. 5  Shrinkage of Al2O3-based PHM ceramics. 
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Figure 7 shows mechanical properties of Al2O3-based 
PHM ceramics. With the increase of percentage of 
Al2O3 PHMs, flexural strength and fracture toughness 
of Al2O3-based PHM ceramics both decrease firstly and 
then increase, and the variation trend is similar with that 
shown in Fig. 5. According to the XRD results, with the 
increase of percentage of Al2O3 PHMs, z value of 
β-SiAlON (Si6zAlzOzN8z, 0 ≤ z ≤ 4.2) gradually 
increases. When z value is high, lattice parameters of 
β-SiAlON increase, while strength of the atomic 
covalent bonding in their crystal structures decreases, 
thus their microstructures become incompact [25]. 
Accordingly, with the increase of z value, hardness, 
flexural strength, and other properties of the samples 
could be deteriorated [26]. Therefore, mechanical 
properties of the prepared Al2O3-based PHM ceramics 
gradually decrease. When percentage of Al2O3 PHMs 
increases up to 50%, main phases of the samples are 
β-SiAlON (Si3Al3O3N5, z = 3) and Al2O3. The formed 
β-SiAlON grains have relatively incompact 
microstructures, thus their mechanical properties are 
relatively low. Furthermore, the shrinkage of sample is 
the lowest in this case, so the bonding strength between 
β-SiAlON and Al2O3 (the main phases) is also the 
lowest. Accordingly, the prepared samples have the 
lowest mechanical properties. With the continual 
increase of percentage of Al2O3 PHMs, main phase of 
the samples is Al2O3, properties of samples take on 
those of Al2O3 ceramics, thus mechanical properties of 
Al2O3-based PHM ceramics gradually increase. When 
percentage of Al2O3 PHMs is 100%, flexural strength 
and fracture toughness of the samples reach up to 
155.23 MPa and 2.84 MPa·m1/2, respectively. 
4    Conclusions 
In this paper, novel Al2O3-based PHM ceramics were 
successfully prepared by aqueous gelcasting using 
Si3N4 and Al2O3 PHMs as pore-forming agents. 
Through adjusting percentage of Al2O3 PHMs, bonding 
strength between ceramic PHMs and matrix is greatly 
improved and Al2O3-based PHM ceramics with good 
properties are prepared. When percentage of Al2O3 
PHMs increases from 10% to 100%, main phases of the 
samples gradually vary from β-SiAlON (z value 
increases from 2.9 to 4) to Al2O3. It is found that phase 
compositions could highly affect properties of 
Al2O3-based PHM ceramics. When percentage of Al2O3 
PHMs increases from 10% to 30%, main phase of the 
samples is β-SiAlON (z value increases from 2.9 to 3), 
and porosity, shrinkage, flexural strength, and fracture 
toughness of the samples gradually decrease. When 
percentage of Al2O3 PHMs is 50%, main phases of the 
samples are β-SiAlON (z = 3) and Al2O3, porosity of the 
samples decreases, while their shrinkage, flexural 
strength, and fracture toughness reach the minimum 
values. When percentage of Al2O3 PHMs increases 
from 70% to 100%, main phase of the samples is Al2O3, 
porosity of the samples decreases, while their shrinkage, 
flexural strength, and fracture toughness gradually 
increase. It is a novel method to prepare porous 
ceramics with controllable performance using different 
kinds of ceramic PHMs as pore-forming agent in the 
future. 
Acknowledgements 
Our research work presented in this paper was 
supported by China Postdoctoral Science Foundation 
(Nos. 2013M530618, 2015M572136), Fundamental 
Research Funds for the Central Universities (HUST: 
 
 
Fig. 7  (a) Flexural strength and (b) fracture toughness of 
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